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Abstract
According to a survey conducted by Grand View Research, the market demand for medical 
grade UHMWPE has raise remarkably from 60.9 kilotons up to 204.8 kilotons during 2015- 
2024 valued at $1.36 billion (USD) with a compound annual growth rate of 15%. There are 
various materials available for medical implants comprising of metals, ceramics and 
polymers among them UHMWPE has been used widely. The wide impact of UHMWPE in 
medical field is due it’s superior biocompatibility, chemical resistance, low wear volume 
(0.68 mm3), ultimate tensile strength (41.3 MPa), low coefficient of friction [In dry condition 
(0.12-0.15)] and high crystallinity (more than 90%). However, wear debris, oxidative 
degradation due to generation of free radicals when subjected to irradiation with gamma rays 
and low ageing of implant are some critical problems observed in UHMWPE based implants 
in human body. These severe problems have been resolved using various innovative 
methodologies to enhance the properties of UHMWPE, comprising of surface modification 
techniques for pure UHMWPE as well as composite reinforced UHMWPE. The enhancement 
in properties of pure UHMWPE is achieved using electron beam or atmospheric cold plasma 
treatment. The reinforced composites are majorly developed by reinforcement of materials 
such as hydroxyapatite, Multi walled carbon nanotubes, Vitamin E (α-tocopherol), graphene 
oxide, DLC films, Gallic acid and Dodecyl gallate along with base UHMWPE matrix 
material. Based on the recent studies, Comparative study of these functionalization 
techniques along with the ameliorated surface or bulk properties along with it’s diverse 
application in medical implant fields (Total hip arthroplasty, joint implants, bone tissue 
engineering) has been discussed extensively. Descriptive study of pure UHMWPE along with 
it’s composite to functionalize the properties of the medical implants has been included in 
this review along with it’s future scope succeeding the review.
Keywords: UHMWPE, biocompatibility, tribological properties, composites, total hip 
arthroplasty, joint implants, bone tissue engineering, medical applications.
1. Introduction
Global medical implant industry has been driven extensively due to advancements in surgical 
technology, acceptance of advance material implants (total hip arthroplasty[1], artificial joint 
implants[2], bone tissue engineering[3–11] and spine implants, etc.) as well as increment in 
ageing of population (according to the United Nations report, 13% of the global population is 
above the age of 60 years and it is increasing at a rate of 3% per year[12]). Among the 
various available materials (polymers[13–16], metals[17]’[18], and ceramics[19]’[20]) in 
practice, medical grade ultra-high molecular weight polyethylene (UHMWPE) is widely used 
polymer for manufacturing of medical implants[21]’[22]. UHMWPE is a homo-polymer 
consisting of ethylene as monomeric units, responsible for exhibiting highly cross-linked 
structure. The structure further results in  higher molecular weight polymer having molecular 
weight ranging between of 3.5×106 g/mol to 6×106 g/mol, comprising of various forms such 
as fibres, plates or tubular structure depending upon the variety of medical grade UHMWPE 
used for diverse medical applications[23]. UHMWPE is a highly oriented thermoplastic fibre 
having highly crystalline structure (exhibiting crystallinity more than 90%), along with it’s 
good biocompatibility[24,25], chemical inertness[26], High ultimate tensile strength (43.2 
MPa, for a medical grade UHMWPE Lumber L4000) [27], low wear volume (0.68 mm3, for 
a medical grade UHMWPE Lumber L4000)[27], low coefficient of friction and low wear rate 
(0.15-0.2 mm/year) [28] which is responsible for it’s numerous applications in biomedical 
applications. 
The limitation of UHMWPE for medical applications is due to it’s low melting point 
(130oC – 136oC), whereas limitations can be overcome by reinforcing with composite 
materials such as carbon nanotubes.  The  another limitation of UHMWPE is  formation of 
free radicals when subjected to gamma irradiation, which are susceptible to react with oxygen 
resulting in breakage of polymeric chains as well as deteriorating crystalline portion of the 
polymeric material when exposed for longer duration,  the formation of free radicals is 
usually avoided by reinforcing of antioxidants such as vitamin E [29,30]. The ester and acid 
formation may take place due to components of oxidative degradation of biomedical implants 
in the body and a possibility of hydroperoxide formation is recognized by the study of the 
UHMWPE sterilized with gamma rays[31]. UHMWPE exploited as a linear material between 
metal-metal femoral head leads to significant wear and failure of the material, whereas the 
resulting wear debris by friction between the two components cause inflammatory reactions 
which further results in osteolysis[21] and loosening of medical implant[32,33]. The high 
wear rate of medical implants is origin to biomechanics, impingement, and loosening of 
biomedical implants used in joints and hip arthroplasty. The primary solution to these 
problems is usage  of highly cross-linked ultra-high molecular weight polyethylene which 
results in minimizing wear debris of the material, which eventually helps to reduce 
osteolysis.[34]’[35]
These limitations of UHMWPE in biomedical applications can be overcome by surface 
modification of virgin UHMWPE or reinforcement of base UHMWPE material with 
ceramic/composites. In this review we will discuss two ways for modifications in UHMWPE 
for biomedical applications 
(1) surface modification of pure UHMWPE by treatment using electron beam[36], cold 
atmospheric plasma in presence of air[37] or carbon ion immersion
(2) Reinforcement of UHMWPE matrix with composite such as hydroxyapatite[38–40], 
multi-walled carbon nanotubes[41], vitamin E (α- tocopherol)[42], nanographene oxide, 
diamond-like carbon (DLC) films, gallic acid (GA) and dodecyl gallate (DG), nanostructured 
zirconia on titanium spheres coupled with UHMWPE, vinyl triethoxysilane which acts as a 
coupling agent, etc. These modifications in UHMWPE matrix by reinforcing composite 
results in improved surface and bulk properties such as low coefficient of friction, low wear 
rate, high tensile strength, biocompatibility, oxidation resistance, etc.
The functionalization of pure medical grade UHMWPE is achieved by surface 
treatment of polymeric material with an electron beam in presence of air, which results in 
enhancement of the surface properties of polymer. SEM images of the functionalized 
polymer demonstrates the concealed porous structure on surface of polymer, resulting in 
increased  surface roughness  evolving it’s  application in bone implants [43]. In another 
process the properties are improved by surface treatment of UHMWPE with cold atmospheric 
plasma (CAP), where the CAP-treated UHMWPE shows optimized wear resistance enabling 
it’s application in prosthesis, along with the improved adhesion of material essential during 
osseointegration[44].
Alternative approach for functionalization of UHMWPE is by implementing 
reinforcement of composites material with the base matrix material, which combines to 
amend the properties of substrate enabling the utilization of material in prosthesis or joint 
implants. The reinforcing composite material majorly comprises of hydroxyapatite, multi-
walled carbon nanotubes (MWCNTs), vitamin E (α- tocopherol), nanographene oxide, DLC 
films reinforced by sol-gel process, melt extrusion, plasma treatment, injection moulding etc. 
which resulted in formation of substrate showcasing modified surface and bulk properties 
(These has been concluded after a comparative study of SEM images obtained for composite 
reinforced material and untreated base material sample). The reinforced material imparts high 
strength, low coefficient of friction, ameliorated wear resistance and biocompatibility where 
the functionalized material has diverse application in biomedical applications, majorly 
focused on of total hip arthroplasty, joint implants, bone tissue engineering, and dental 
applications.
 This review discusses about the synthesis of medical grade ultra-high molecular 
weight polyethylene along with various methodologies implemented for functionalization of 
pure UHMWPE and composite reinforced UHMWPE exhibiting numerous applications in 
biomedical field (Figure 1). The study of various possible alterations available for 
modifications in UHMWPE has been discussed elaborately to provide a clear vision 
regarding the research methodology to be implemented for functionalization of UHMWPE 
material, based on the required properties for implant specific application. The statistical data 
analysis for ultimate tensile strength, coefficient of friction, wear rate and properties such as 
biocompatibility, chemical resistance, hydrophilicity or hydrophobicity has been discussed.
Figure 1: Functionalization methodology of medical grade UHMWPE
2. Synthesis of UHMWPE
UHMWPE is a thermoplastic polymer made up of polyethylene, it is composed of 
extremely long chains polyethylene which is responsible for transferring load effectively and 
providing a polymer backbone by strengthening the intermolecular interactions. This polymer 
backbone is beneficial for providing a tough material, where UHMWPE is recorded as the 
thermoplastic material having highest impact strength. The degree of polymerisation of 
UHMWPE is based on it’s end applications, in case of orthopaedic applications the degree of 
polymerisation is observed within range of 71,000 – 214,000 with molecular weight ranging 
between 2 – 6 million g/mole[23]. UHMWPE is a linear and semi-crystalline polymer, 
consisting of two phases known as crystalline and amorphous phases. The crystalline phase is 
mainly composed of chains folded into highly oriented lamellae with crystals having 
orthorhombic structure[45]. The lamellae are 10nm- 50nm thick and 10μm - 50μm long, 
oriented randomly within the amorphous phase with tie molecules  linking individual 
lamellae to one other[46]. The chemical structure for UHMEPW is as follows-
According to the statistical data received after accomplishment of research on 
UHMWPE in medical implants, the quality of medical grade UHMWPE plays a vital role in 
controlling wear properties of the medical implant. The data emphasizes on better clinical 
results as well as improved creep resistance exhibited by compression molded UHMWPE 
when compared with the other techniques [47]. In the recent market study of biomedical 
implant, GUR1050 extruded rod and GUR 1020 compression molded sheets are majorly used 
UHMWPE for orthopaedic applications in medical application[48]. The statistical analysis 
regarding the average molecular weight and calcium stearate content in commercial forms of 
medical grade UHMWPE is tabulated in table 1. 
Table 1: Molecular weight analysis of commercial medical grade UHMWPE[48]
Sample Process Average molecular 
weight (106 g/mol)
Maximum calcium stearate 
concentration(ppm)
GUR 1050 Extruded rod 5.5 – 6 75
GUR 1020 Compression 
molding
3.5 75
The commercial level polymerization of UHMWPE was first introduced by 
Ruhrchemie AG (an industry originated in northern german region) during 1950’s, which 
further came into research. In 1953 Ruhrchemie AG along with some chemists in Max-Plank 
Institute found out a brown and wet mass of a product that they declare as the novel form of 
evolved polyethylene manufactured at low pressure conditions. The materialistic importance 
of this product was appreciated considering the dangers in high pressure polymerization, 
which was further developed by Ruhrchemie AG in 1955’s and the product was presented 
commercially in K55, a polymer trade scientific exhibition (Figure 2). Since then commercial 
production of UHMWPE powder has been started by Ruhrchemie (currently known as 
Celanese, which now happens to be a fortune 500 global technology and speciality chemicals 
manufacturing company) using ziegler’s process[49].
Figure 2: History of GUR UHMWPE  
The main components for manufacturing of UHMWPE are ethylene (a reactive gas), 
hydrogen, and titanium tetra chloride (acts as a catalyst), whereas the polymerization process 
is carried out in a solvent used for mass transfer as well as heat transfer (Figure 3). The 
ingredients used during polymerization process demands a specialized production plant due 
to presence of volatile components and potentially hazardous chemicals. Considering these 
circumstances while processing, various modifications has been done with use of titanium 
tetra chloride (catalyst) as it is a deciding factor while manufacturing of white UHMWPE 
with enhanced purity.
Figure 3: Zeigler process for medical grade UHMWPE manufacturing.
UHMWPE is manufactured in powder form and must be integrated at high temperature 
and pressure due to it’s high melt viscosity, the consolidation is done in form of continuous 
sheets or rods by compression molding ( Figure 4) and ram extrusion process ( Figure. 5), as 
other conventional process cannot be implemented considering the high melt viscosity of 
UHMWPE. The consolidation process is governed by self-diffusion mechanism whereby the 
UHMWPE chains affiliate together at a molecular level using precise combination of time, 
temperature and pressure determining various properties of compression molded and 
extrusion stock UHMWPE[50,51], namely strength, porosity, surface roughness, etc. The 
inter granular diffusion kinetics of UHMWPE chains are promoted by propinquity of 
interfaces at high pressure conditions and thermally activated mobility of polymer chains at 
high temperature, as the process demands high contact time at prescribed high temperature 
and pressure conditions resulting in migration of molecular chains across grain boundaries. In 
case of the molding process, the pressure and temperature conditions are usually adjusted to 
about 230°C and 10MPa[19], whereas depending upon the desired properties of the material 
the parameters can be altered. The ultrastructure of the processed UHMWPE can be observed 
using optical or scanning electron microscopy according to the standardized technique 
prescribed by ASTM F648, which involves micro-toming of thin films and studying them 
under optical microscopy, preferably in presence of dark conditions[22]. However, the 
spotting of grain boundary in calcium stearate material is strenuous to detect. The 
visualization of grain boundaries can be achieved by freezing UHMWPE sample in liquid 
nitrogen and then fracturing the sample in frozen condition[52]. The ultrastructure of 
UHMWPE can be illustrated by intense study of freeze-fractured or etched UHMWPE 
surfaces using scanning electron microscopy. Consolidation defects may be observed if 
proper temperature, pressure and contact time is not provided for the consolidation process, 
defects are majorly noticed due to improper fusing of neighbouring resin particles during the 
compression molding process[49]. The inspection of medical grade UHMWPE can be 
achieved by non-destructive methods like laser candling and ultrasound, which doesn’t 
require standardization during implementation for inspection of consolidation defects in the 
sample. The compression molded sheet of GUR 1020 and GUR 1050 are commercially 
produced by panies and MediTech, Celanese was also the producer of compression molded 
UHMWPE but they stopped the production by compression molding process in 1994. The 
compression molding assembly used by MediTech consist of the two molds having 
dimensions of 1×2m in a single press cycle (Figure 4). 
Figure 4: Compression molding assembly for 2 sheets 
In UHMWPE manufacturing using ram extrusion process UHMWPE powder is fed 
continuously into extruder, attached to a hopper which allows the powder to fed into heating 
chamber, a horizontal reciprocating ram, a heated die and an outlet. UHMWPE is maintained 
under pressure by ram as well as back pressure exerted by molten UHMWPE, the exertion of 
back pressure is due to frictional forces of molten resin against the heated die surface. The 
UHMWPE rods are cooled after being extruded, and  obtained in the outlet using a series of 
electric heating mantles ( Figure 5). The various sizes of UHMWPE rods are available using 
extrusion, generally ranging from 20 mm to 80 mm in diameter but can be produced up to 
diameter of 12 inches. The increase in diameter of UHMWPE rods results in drastic increase 
in cooling time of the rods as production rates are generally measured in millimetre per 
minute. The medical grade UHMWPE by ram extrusion process is commercially 
manufactured by MediTech and Westlake plastics. Medical grade extruder used during the 
process is generally recommended to keep in clean room to avoid the possibility of extra 
impurities while processing. 
Figure 5: Ram extrusion process for UHMWPE manufacturing
Depending upon the various requirements of the medical grade UHMWPE powder 
specified in ASTM standard F648 and ISO standard 5834-1, the medical grade UHMWPE 
resins are classified in type 1, type 2, type 3. Depending upon the producer, molecular 
weight, trace impurities of aluminium, chlorine, titanium and residual traces of catalyst 
during the processing are determined, whereas ash content depends upon the storage 
conditions and handling of UHMWPE powder after execution of polymerization process ( in 
table 2). According to recent market study, Celanese is producer of type 1 and type 2 GUR 
resin with the commercial name as GUR 1020 and GUR 1050 sequentially compared in table 
2. 
Table 2: Requirement for medical grade UHMWPE powders[49]
Property Requirements in UHMWPE powder
Resin type Type 1-2 Type 3
Trade name GUR 1020  and GUR 1050 1900H
Ash, mg/kg (maximum) 125 300
Titanium, ppm (maximum) 40 150
Aluminium, ppm (maximum) 20 100
Calcium, ppm (maximum) 5 50
Chlorine, ppm (maximum) 30 90
The mechanical performance of UHMWPE is depending upon the average molecular weight, 
which is precisely derived from intrinsic viscosity quantification values[49]. The two 
methodologies available for finding average molecular weight based on Mark- Houwink 
equation is mathematically expressed using equation 1 and equation 2. 
a) ASTM D4020-05:
Mv = 53700 (IV) 1.37                                                                   - equation 1
           Where, Mv = average molecular weight, unit = gram/molecule
IV = intrinsic viscosity, unit = deciliter per gram  
b) Margolies equation (used apart from north American region)
Mv = 53700 (IV) 1.49                                                                - equation 2
           Where, Mv = average molecular weight, unit = gram/molecule
IV = intrinsic viscosity, unit = deciliter per gram 
The substitute methods for characterization of average molecular weight for UHMWPE 
material is sequential extraction[53] and gel permeation chromatography[54] (GPC), 
responsible for static friction performance and mechanical performance of UHMWPE[55]. 
The performance analysis of UHMWPE manufactured by various methodologies is 
summarized in table 3.
Table 3: Summary of mechanical and physical properties for medical grade UHMWPE[49]






Elongation (%) to 
failure
Extruded GUR 1020 935± 1 53.7±4.4 452 ± 19
Molded GUR 1020 935± 1 51.1±7.7 440 ± 32
Extruded GUR1050 931 ± 1 50.7±4.2 395 ± 23
Molded GUR 1050 930 ± 2 46.8±6.4 373 ± 29
3. Methodologies for functionalization of UHMWPE:
Among the various methodologies available for modification of UHMWPE  in medical 
field, the methodologies are classified according to material used for functionalization 
process into two types, i.e. functionalization using various methodologies for surface 
treatment of UHMWPE or using various composite reinforcement materials for modifications 
in their bulk properties. The composite reinforced UHMWPE substrates are further classified 
according to it’s end application in biomedical sector.
3.1. Functionalization by surface treatment of virgin UHMWPE
The functionalization of pure base material consisting of virgin medical grade 
UHMWPE is achieved by using electron beam treatment, cold atmospheric plasma in 
presence of air or filtered cathodic vacuum arc and plasma immersion using ion implantation. 
The investigation done by Irina Yu Grubova et al demonstrates the effect of electron beam 
treatment on UHMWPE, where the functionalization is carried out in presence of air to 
develop carbonyl and polar hydroxyl functional group. The functional group on the substrate 
surface has been originated by action of oxidizing agents, resulting in enhanced 
hydrophilicity and cell adhesion of UHMWPE polymer for medical applications. Prior the 
functionalization by electron beam, UHMWPE samples are thoroughly treated with deionized 
water in ultrasound bath for a duration of 10 min.  The samples were dried at a temperature of 
70o – 80oC in a autoclave, followed by exposure of the material for surface modification 
using an accelerator by irradiation of electron beam on the sample surface at atmospheric 
pressure [56]. The observations were recorded for electron beam treatment from varying 
sample distance of 2cm, 7cm and 15 cm along with the varying treatment time of 5min, 
20min, and 50 min. The electron beam treatment on the UHMWPE surface resulted in 
concealing of the fibre surface and increment in surface roughness of polymer ( Figure 6), 
along with decrement in contact angle of water on the surface of polymer (after treatment for 
21 days) when compared with untreated UHMWPE (contact angle close to 90o)[57]. The 
polymer maintained it’s adhesion, proliferation of fibroblast and spreading even after treated 
with an electron beam of 10.7 kGy[43], exhibiting applications as a biomaterial used for bone 
implants[58]. The statistical analysis of ameliorated properties for the functionalized material 
is tabulated in table 4, demonstrating the comparison of average surface roughness and 
contact angle on the surface of substrate. 
Figure 6: SEM images of electron beam treated UHMWPE, (a) untreated UHMWPE, (b) 
UHMWPE2-50, (c) UHMWPE7-50, & (d) UHMWPE15-50 [43].
Table 4: Analysis of surface roughness and contact angle after electron beam treatment [43]
Sample Average Surface roughness 
(μm)
Contact angle (o), (after 21 days)
Untreated UHMWPE 0.35 ± 0.06 96 ± 3
UHMWPE2-50 1.46 ± 0.21 28 ± 2
UHMWPE7- 50 0.83 ± 0.10 82 ± 2
UHMWPE15-50 0.56 ± 0.01 94 ± 6
A similar study for functionalization of medical grade UHMWPE is derived from the 
detailed investigation carried out by Emily Collard Preedy et al, explaining the atmospheric 
cold plasma treatment on UHMWPE substrate in presence of air. In this method of 
functionalization, He (Helium) and He/O2 cold gas plasma (CAP) has been used for surface 
modification of UHMWPE, imparting improved hydrophilicity and higher adhesion forces. 
The CAP technology is based on treatment of material using plasma, obtained by excitation 
of gas via applied energy source, leading to generation of plasma having adequate chemical 
species, charged particles, radicals and heat energy. CAP plasma can be developed by 
selective transfer of generator power to plasma electrons via high generation frequency[59]. 
The CAP device assembly consist of two electrodes, out of which one electrode is a capillary 
powered electrode trapped inside a quartz tube of 1.55 mm diameter and the other is 
downstream ring electrode enclosed outside the quartz surface, permitting axial separation ( 
Figure 7). Helium plasma were produced, permitting 5 slm (standard litre per minute) of 99% 
helium to pass through the capillary electrode[60], whereas Helium/oxygen plasmas were 
produced by mixing 10 sscm (standard cubic centimetre per minute) of oxygen with helium 
gas prior to injection in CAP device. An alternating current of 8kV along with an excitation 
frequency of 20KHz was supplied to CAP device, which controls the breakdown of gas to 
generate an electrical discharge inside a quartz tube appearing as a plasma jet inside the 
quartz capillary.
Figure 7: Cold atmospheric gas plasma treatment assembly
 The CAP modified surface shows improved adhesion forces and good hydrophilicity as a 
result of decreased contact angle[44]. The ameliorated material exhibits a significant 
application in cell and protein adhesion on implant surface which helps in stimulating 
osseointegration process[61] ( table 5).The statistical data for contact angle and surface 
energy of functionalized UHMWPE surface using CAP technique is compared in table 5. 
Table 5: Statistical analysis of CAP treated UHMWPE [44]
Sample Contact angle for water (o) Total surface energy (mJ/m2)
Untreated UHMWPE 70.4 ± 1.5 33.47
He 46.1 ± 2.5 34.99
He/O2 58.0 ± 3.6 36.77
An innovative approach for functionalization of medical grade pure UHMWPE is 
demonstrated by the descriptive study of J. Y. Sze and B. K. Tay, explaining the modification 
of UHMWE using a filtered cathodic vacuum arc (FCVA) source and plasma immersion ion 
implantation with surface pulse biasing. FCVA is implemented to generate highly dense and 
ionized carbon ion plasma which strikes on a negatively pulse biased substrate, responsible 
for acceleration of carbon ions through plasma sheath to the substrate and ends up by being 
implanted on polymer, capable for making structural and chemical alterations in properties of 
polymer[62] ( Figure 8). This methodology is highly significant as it makes alterations in 
properties of UHMWPE without involving any other chemical element on surface of 
polymer. The functionalized material results in high purity and activity of substrate[63], 
along with excellent biocompatibility of UHMWPE material due to implantation of carbon 
atoms. The functionalization has been studied by varying implantation time on polymer 
surface, where comparison of results have shown that the nano-hardness of UHMWPE 
increases from 0.35 GPa (Untreated UHMWPE) to1.6 GPa when subjected to  treatment of -
10kV for 12 min. Whereas increasing the contact time beyond this duration doesn’t exhibit 
any significant alterations in properties of the polymer material[64]. The study of surface 
properties shows that there is also improvement in tribological properties of the polymer; the 
untreated UHMWPE has been recorded with wear rate of 67.5×10-5 mm3/Nm whereas the 
wear rate is reduced up to 10×10-5 mm3/Nm when the ions are implanted at -5kV for duration 
of 5 min, increment in contact time beyond this doesn’t exhibited a significant decrease in 
wear rate[65]. Hence collectively the surface modification shows improved nano hardness, 
reduced wear rate and good biocompatibility[66] resulting in it’s diverse application in 
biomaterials.
Figure 8: Carbon ion immersion mechanism
3.2.  Functionalization by reinforcement of composites
The improvements in bulk and surface properties of UHMWPE material can be 
achieved by utilization of various reinforcement composites blends or mixing of reinforcing 
agents with base matrix material of medical grade UHMWPE, exhibiting  ameliorated 
properties of the substrate showcasing diverse applications as biomaterials. In this review the 
composites are classified based on end application of the functional material such as total hip 
arthroplasty, joint implants and bone tissue engineering.
3.2.1. Total hip arthroplasty
Among the various composites available for reinforcement of biomaterials, 
hydroxyapatite (HA) is widely used  in various biomedical applications. An elaborative 
investigation done by Xiaomei Shi et al explains the wide consumption of hydroxyapatite 
with UHMWPE as reinforcing material, resulting in application of the developed substrate 
for hip prosthesis. The investigation emphasizes on various concentrations of hydroxyapatite 
blended with UHMWPE by using sol-gel process,  the composites where hot molded, and the 
resultant agglomerates were molded within a temperature range of 145oC – 153oC. During the 
study, four concentrations of homogeneous solution consisting UHMWPE/HA composites 
were studied- 0 vol%, 13.3 vol%, 23.5 vol% and 31.5 vol% . The concentration of UHMWPE 
has been adjusted to 1g/ 100ml with respect to solvent.by following the process for MWCNT 
[67], developing a uniform dispersion of hydroxyapatite in paraffin oil solution by using 
ultrasonic and stirring for a duration of 12 hours. The mixture is heated to 145oC in presence 
of continuous stirring using a screw and isothermal conditions are maintained for duration of 
30 min. The extraction of UHMWPE/HA is done using hexane in an ice-water bath and 
resultant agglomerates are dried at a temperature of 60oC post extraction process. The 
agglomerates are compression molded[19,68] at a narrow temperature range of 145oC – 
153oC along with pressure adjusted to 3MPa.
Figure 9: graphs (a) and (b) emphasize on coefficient of friction at 150oC and 180oC 
respectively, graph (c) shows wear rate at 150oC and 180oC, (d) shows wearing measurement 
resulting in formation of shallow dent shapes, graph (e) along with graph (f) shows relation 
regarding coefficient of friction against distance travelled during wear test. [38]
 Figure 9 clearly demonstrates the increment in concentration of hydroxyapatite composite 
results in lowering the coefficient of friction of material, ensuring use of 31.5 vol% of HA to 
be consumed as an inner layer of the biomedical implant. On the contradictory part, it has 
been noticed that using higher concentrations of HA increases the wear rate of UHMEPE, 
whereas an alternative study explains the non-toxic nature of the wearing powder,  but still 
controlling the wear debris of the HA reinforced UHMWPE need to be considered. SEM 
observations and EDS spectra observations explains the increment in amount of agglomerates 
present on surface of treated UHMWPE at a temperature of 150oC, when compared with 
temperature of 180oC (Figure 9). The tribological properties of composites prepared by 
gelation process were superior compared to that of the kneading method. Due to the 
improvements in tribological properties and use of sol gel process for enhancement in 
processing resulted as the major reason for application of HA reinforced composite as a 
bearing material in total joint arthroplasty and artificial joints.[38]
A similar study investigated by Behraz Shirod Heidari et al demonstrated the utilization 
of nano-hydroxyapatite (nHA) as reinforcement composite for functionalization of 
UHMWPE to be used in biomedical application. The study is investigated for a reinforcement 
concentration of 10 wt% of nano-hydroxyapatite in UHMWPE/nHA composite, the complete 
homogeneous mixing of the two components is carried out using dry mechanical ball milling 
for the duration of 4 hours resulting in a UHMWPE/nHA composite having low coefficient of 
friction and wear resistance[69]. The samples produced are heated and subjected to hot 
pressing at elevated temperature of 200oC along with a pressure adjusted to 15 MPa for 
duration of 2 hours. The part model was changed into autodesk moldflow[70] insight by 
injection molding process using a free from deformation methodology to avoid any shrinkage 
or fracture of the material during processing. The addition of nHA resulted in enhanced 
mechanical properties as well as biocompatibility of the material. The Statistical data 
explaining alterations in properties of UHMWPE is elaborated in table 6. The 
UHMWPE/nHA hip liner is recommended over the UHMWPE liner due to it’s improved 
biocompatibility and mechanical properties enabling it’s application for hip prosthesis.  











UHMWPE 0 0.94 1.1 41.3 0.68
UHMWPE/nHA 10 1.12 1.65 42.2 0.41
The composite formation concerned with hydroxyapatite nanoparticle sometimes may 
lead to formation of nano-particle aggregates during the consolidation or molding process, 
resulting in non-uniform dispersion of the hydroxyapatite nanoparticles in composite 
material. The random and aggregated dispersion of the nanoparticles leads to crack formation 
in the composite, which further exhibits deprecated effects fatigue properties as well as 
reduced mechanical strength. The reinforcing nanoparticles has significantly smaller particle 
size when compared to polymeric materials, hence the nanoparticles are observed to be 
aggregated towards the gain boundary which results in non-uniform dispersion of 
nanoparticles further leading to variation in mechanical properties[71]. A study investigated 
by fang et al explains the methodologies to avoid the formation of nanoparticle aggregates 
during the manufacturing process, the study suggests implementation of the ball milling and 
swelling technique to develop nanoparticles of size 50 nm which were mixed with UHMWPE 
using injection molding or compression molding process[19]. The UHMWPE was swollen in 
medical grade paraffin oil to facilitate extrusion, where the paraffin oil was later extracted 
after fabrication using hexane[23].
 An innovative approach for functionalization of UHMWPE was demonstrated by 
establishing reinforcement of composite as hydrophilic acrylic acid (AA) with the base 
matrix as UHMWPE material [72]. An elaborative study explained by Yaling Deng et al 
recorded the lowering in coefficient of friction  and wear properties of biomedical implant, by 
achieving grafting of hydrophilic acrylic acid[73] on base UHMWPE powder using 
ultraviolet irradiation, followed by hot pressing of the modified powder. The grafting of 
material is carried out in inert atmosphere to eliminate the possibility of oxidation of grafting 
solution. The contact time of grafting solution determines the extent of grafting achieved on 
surface of material, where water is extracted from the grafted material for removal of homo-
polymers attached on the grafted surface. The grafting process leads to formation of branched 
polymers exhibiting significant surface properties such as wettability as well as mechanical 
properties[74]. The grafting of AA on UHMWPE powders has been achieved by photo 
induced graft polymerization ( Figure 10) resulting in ameliorated tribological properties as 
well as wettability, but the tensile strength of composite material is affected adversely 
causing decrement in strength of material when compared with the untreated UHMWPE. 
During the synthesis process, UHMWPE is sub merged into acetone solution containing 10 
mg/mL of benzophenone for duration of 10 min, consequently drying of the powder is carried 
out in dark where benzophenone is prescribed as the initiator for self-initiated 
polymerization. Photo induced graft polymerization is carried out under high pressure 500W 
mercury lamp where the film filter is limited for passage of ultraviolet rays. The powder is 
further dried to eliminate the ethanol content, the modified material is subjected to 
compression molding in a vacuum hot forming furnace at a temperature of 150oC for duration 
of 2.5 hrs. A pressure condition of 7.5 MPa is maintained for 30 min to eliminate thermal 
deformation of material during cooling. 
Figure 10: Acrylic acid grafting process sequence
The functionalized UHMWPE with AA grafting results in improved wettability at a grafting 
ratio of 5.5 % ,where the contact angle of water has been significantly reduced from 83o 
(Untreated UHMWPE) to 35o (AA treated UHMWPE sample)[75]. The functionalized 
material shows enhanced tribological properties, the testing of the material is carried out in 
saline, calf serum and distilled water conditions, where the coefficient of friction is recorded 
as (0.222, 0.155, and 0.225) compared to that of untreated UHMWPE (0.228, 0.180 and 
0.227) respectively. The wear rate of modified UHMWPE with a graft ratio of 2.16%, 3.5% 
and 5.5% decreases by 54%, 75% and 25% respectively in presence of calf serum evaluated 
using international ISO 14242-1[76]. The limitation of AA grafting on UHMWPE is 
observed as decrement in tensile strength, where the tensile strength reduces from 55.05 MPa 
(Untreated UHMWPE) to 46.61 MPa (AA treated UHMWPE). The final result concludes that 
the modified UHMWPE with a graft ratio of 3.5% shows lowest wear rate, it is usually 
recommended for it’s use in artificial hip joints to avoid osteolysis caused due to wear 
particles of PE[75]. 
M. P. Gispert et al discovered an innovative way for functionalization of UHMWPE ; 
the study explained about chlorine implantation on TiN coatings resulting in improved 
tribological behaviour of a prosthetic pair. During the manufacturing process, stainless steel 
counterpart is coated with TiN coating using deposition of PVD arc evaporation (Figure 11) 
by METAPLAS coating machine at elevated temperature of 300oC. The TiN coated 
substrates are implanted with chlorine atoms at room temperature using fluence of 1×1017 cm-
2 along with energy of 150keV. The chlorine implanted substrates are further treated in an 
ultrasonic bath containing dilute Extran solution for duration of 10 min followed by it’s 
treatment with deionised water for 10 min, the drying of substrates for overnight is achieved 
at room temperature inside a vacuum oven[77]. The linear increment in friction coefficient of 
the Cl implanted substrate with increase of distance, whereas when it is compared with the 
argon implanted substrates, the Cl implanted substrate shows significantly lower values for 
coefficient of friction. It leads to a conclusion that Cl implanted substratesexhibited better 
tribological properties compared to that of the other substrates[78]. The surface energy and 
wettability measurements explains the lower contact angles of Cl implanted substrate when 
compared with other substrates, exhibiting improved hydrophilicity of the material along with 
reduced surface free energy from 47 ± 2 (TiN  coated) to 43 ± 2 (TiN-Cl implanted 
coating)[77]. The improved tribological and wettability properties of Cl implanted substrate 
enable it’s application in hip prosthesis to counter against the rheumatic diseases such as 
osteoarthritis and rheumatoid.
Figure 11: PVD technique for Cl ion implantation
The descriptive study done by V. P. Poliakov et al demonstrated the use of diamond 
like carbon films as reinforcement material of UHMWPE having application in artificial hip 
prosthesis[79,80].During the manufacturing process, UHMWPE substrate was deposited with 
the DLC film by physical vapour deposition (PVD) technique[81] (Figure 11) consisting of 
pulsed arc plasma. The substrates were cleaned with carbon tetrachloride, followed by drying 
before vacuum treatment.  The substrate is striked with argon and titanium ions inside the 
vacuum chamber, resulting in deposition of small particles of titanium implantation on the 
upper layer of substrate. The substrate is further deposited with fine Ti and DLC coating with 
a uniform film thickness of 250 nm at temperature range of 25oC – 30oC  and uniform speed 
of 20nm/min. The characterization of mechanical properties provided by material is tested by 
nanoindentation (nanoindenter XP MTS system)[82], along with adhesion test and coefficient 
of friction measurement. According to the recorded readings, it has been noticed that DLC 
coated UHMWPE exhibited better nano-hardness and elastic modulus. The hardness of 
substrate increases from 0.01 GPa (Untreated UHMWPE hardness) to 20 GPa (DLC coated 
UHMWPE) as well as the elastic modulus of DLC coated sample as 100GPa. The adhesion 
test is carried out by scratching to the substrate surface, whereas readings recorded shows that 
the surface was completely worn out after scratching with a force of 50-55N. The coefficient 
of friction for DLC coated UHMWPE shows marginal decrement in their readings, as 
coefficient of friction decreases form 0.16 (initial/untreated UHMWPE) to 0.12 (steady 
state/DLC coated)[28]. According to the recorded data, it can be concluded that DLC coated 
films on UHMWPE shows improved hardness, elastic modulus and lowered coefficient of 
friction properties required for it’s use in prosthetic pairs.
3.2.2. Joint replacements 
There has been bunch of materials available that can be used as a reinforcement 
composite for altering the properties of UHMWPE, utilized for it’s application in joint 
replacements. A wide research has been focused on ameliorating the lifetime of joint implants 
used in human body, as the biomedical implant leads to wear debris when subjected with 
actions of human body serum fluids causing release of wear particles in human body. 
Among the various researchers, Jun Fu et al demonstrated the use of gallic acid (GA) 
and dodecyl gallate (DG) as a composite for imparting oxidation stability, wear resistance 
and improved mechanical properties of highly cross-linked UHMWPE. Antioxidant plays a 
vital role in stabilization of material during irradiation such that it doesn’t require post 
irradiation treatment; hence vitamin E is added as antioxidant providing irradiation stability 
to the material. Manufacturing of composite is achieved by using a mixture of gallic acid, 
dodecyl gallate and vitamin E, blended together with UHMWPE (Figure 12)having 
concentration of 0.05 wt% and 0.1 wt% at consolidation temperature of 190oC. The blending 
process is highly significant for controlling the formation of nanoparticle agglomerates 
during the molding process, a similar study done by Latifa Melk and Nazanin Emami 
explained the formation of fine dispersion of carbon nanotubes and graphene based 
UHMWPE/Vitamin E matrix by utilization of tip ultrasonicator[83].The vacuum packing of 
consolidated blocks is carried out and exposed to an irradiation of 10 MeV electron beam at 
25kGy per pass with the varying dosage increasing up to 50kGy, 100kGy, 150kGy at room 
temperature. The precaution was taken that temperature shouldn’t elevate beyond 50oC even 
after the action of irradiation. 
Figure 12: Schematic representation of UHMWPE/GA/DG/VE composite
The irradiation to Antioxidant/UHMWPE for long duration of time at elevated temperature 
for ageing, determines the anti-oxidation potential of vitamin E and polyphenols. The tensile 
strength properties for various concentrations of polyphenols for aged sample are tabulated in 
table 7. The composite of GA, DG and vitamin E doesn’t causes a marginal decrement in 
crosslinking density of UHMWPE, even at high concentrations of antioxidants irradiated at 
high dosage of rays.
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0 48.3 ± 
4.6
63.5 ± 4.2 61.3 ± 10 65.8 ± 5.5 56.2± 4.1 56.7± 
2.5
50 50.4 ± 
6.5




100 NA 55.2 ± 4.7 50.4 ± 1.4 54.8 ± 5.4 44.7± 3.3 47.6± 
4.4
0 134 ± 8 126 ± 11 123 ± 12 118 ± 18 113± 9 131± 17
50 90 ± 1 101 ± 7 94 ± 3 104 ± 5 101± 9 99± 8
Impact 
strength 
(kJ m-2) 100 10 ± 1 61 ± 4 53 ± 5 82 ± 1 61± 0.1 59± 7
The melting point of the AO/UHMWPE blend is unaffected due to alterations in the 
properties of concentrations in composites, whereas crystallinity increases with increment in 
GA and DG contents of the composite material compared to that of minimal decrement in 
crystallinity with increase of vitamin E content (Table 8). The effect on composite blend 
when subjected to dosage of 100 kGy has been recorded, the statistical data comprising of the 
melting point and crystallinity is represented in table 8. The improved tensile properties along 
with the oxidation stability enable application of functionalized material in joint replacements 
to avoid the wear and loosening of the implants by osteolysis.
Table 8: melting point and oxidation stability of vitamin E, GA and DG reinforced 
UHMWPE[84].
Melting point (oC) Crystallinity (%)Sample Dose
0.05 wt% 0.1 wt% 0.05 wt% 0.1 wt%
0 136 - 50.3 -
50 139.1 - 58.9 -
Untreated 
UHMWPE
100 141.7 - 57.7 -
0 136.8 136.5 60.3 58.5
50 140.3 139.5 58.1 56.4
Vitamin E
100 141.7 141.9 50.3 51.4
0 137 136.6 56.5 60.5
50 138.8 137.8 58.9 58.8
Gallic acid
100 141.3 141.2 63.5 58.9
0 136.9 136 57.5 61.7
50 140.2 139.3 61.8 57.0
Dodecyl 
gallate
100 140.3 140.4 60.0 57.5
A similar approach to enhance the oxidative resistance of the material is elaborately 
explained by S.M. Kurtz et al, the study elaborated utilization of vitamin E composite with 
UHMWPE to reduce oxidative degradation of material. The medical grade UHMWPE 
samples were blended with varying concentrations of vitamin E (0 ppm, 125 ppm, 250 ppm, 
375 ppm, 500 ppm), implementing the standard compression molding cycle by following 
regulations of ISO 11542-2. Tensile strength properties measured using standard ASTM 
techniques reported no significant results with increment in vitamin E concentration, whereas 
a decrement in tensile strength was observed with ageing (about 4 weeks) of functionalized 
material. According to FTIR study, the addition of vitamin E results in improved oxidative 
stability of the material, highly concentrated composite material (375 ppm, 500 ppm) acts as 
consistent oxidative stable material even after subjected to ageing for duration of four weeks. 
The study explained satisfactory results for oxidation stability of functionalized material and 
enables it’s application in joint replacements as an important composite material. An 
analogous approach for modification in properties of UHMWPE using vitamin E as 
reinforcement is demonstrated by Filippo Reno and Mario Cannas et al, according to their 
observations wear resistance as well as oxidative resistance in medical implant can be 
improved using reinforcement of vitamin E acting as an antioxidant, lipophilic, 
biocompatible and inflammatory material. The addition of 0.3 wt% vitamin E reflects the 
needful alterations by preventing oxidation and inflammation along with a long term fatigue 
resistive performance[85] and improved bioactivity[86]. When the virgin UHMWPE and 
UHMWPE/Vitamin E composite are treated with body plasma at 37oC for duration of 1 hour,  
the two samples absorbed comparable quantity of plasma proteins (UHMWPE= 2.1 ± 1.0 
μg/cm2, UHMWPE/Vitamin E = 1.6 ± 0.2 μg/cm2). A similar approach of using Vitamin E as 
reinforcement of UHMWPE was studied by P. Bracco et al, demonstrating the action of 
Vitamin E as an oxidation stabilizer of UHMWPE at concentration of 0.05 w/w%, 0.1 w/w%, 
0.5 w/w%. It was fused together by process of compression moulding carried out at standard 
high temperature and high pressure used for manufacturing of medical grade UHMWPE[48]. 
The FTIR spectroscopy of samples irradiated by gamma ray at various doses (0 kGy, 30kGy, 
100kGy) recorded a decrement in absorption band having maxima at 960 cm-1, whereas 
increasing the radiation dose resulting in shift of absorption maxima to 965 cm-1. After the 
irradiation with gamma rays, a slight presence of ketonic groups on reinforced substrate is 
observed; whereas the concentration of ketonic groups was increased with ageing of material. 
Depending upon the obtained results, a conclusion was noted that addition of vitamin E as 
reinforcement shows high stabilisation to sterilised or cross-linked dose providing improved 
oxidative resistance even compared to irradiated UHMWPE.
An investigation done by Nitturi Naresh Kumar et al explained the effect of argon 
plasma treatment on multi walled carbon nanotubes (MWCNTs) reinforced UHMWPE; his 
study interprets the improved mechanical and tribological properties along with 
hydrophobicity of reinforced material. The chemically treated UHMWPE is dispersed 
homogeneously in a polymer matrix which is further treated with nitric acid and sulphuric 
acid in a ratio of 1:3 at boiling temperature of 140oC for duration of 140 min, followed by 
drying of samples at 100oC. The composite is physically blended with UHMWPE at various 
concentrations of 0.5wt%, 1wt%, 1.5wt% and 2wt%, the compression molding of nano-
composite (manufactured using ball milling machine) is achieved within a temperature range 
of 220oC -230oC along with a pressure adjusted at 10MPa for duration of 60 min, and 
subsequently the substrate is subjected to cooling at room temperature. The nano-composite 
material sheets are subjected to cleaning using acetone and ethanol for 5 min, and successive 
drying in vacuum chamber at 40oC for 24 hours is necessary. The argon plasma generation is 
achieved by passage of argon gas through a dielectric barrier discharge (DBD) chamber 
(Figure 13) maintained at 18.5 mbar at an alternating current of frequency 50Hz applied 
across the electrodes of ballast resistor (4MΩ) with a P-P voltage of 15kV. The nano-
composite material is deposited for varying contact time leading to various concentrations of 
UHMWPE/MWCNTs material.
Figure 13: Schematic diagram of DBD
The functionalization of UHMWPE/MWCNTs material with argon plasma treatment results 
in improved hydrophilicity, where the contact angle of functionalized material significantly 
reduces from 78.1o (Untreated UHMWPE/MWCNTs) to 37.1o (plasma treated) for 
concentration 2wt% MWCNTs when exposed to argon plasma for duration of 60 min[87]. It 
has been experimentally noticed that increase in concentration of MWCNTs and contact time 
of argon plasma results in decreased contact angle of material, ensuring the functionalized 
material becoming more hydrophilic exhibiting better tribological properties[88]. The similar 
trend has been observed for wear volume of UHMWPE/MWCNTs material, in dry 
conditions, wear volume for 2% MWCNTs reinforced UHMWPE material reduces from 0.4 
mm3 (Untreated) to 0.21 mm3 (argon plasma treated for 60 min) which further reduces to 
0.086 mm3 in presence of N- saline lubricated condition. In presence of the same treatment 
parameters the sustrate corresponds to 62% reduction in wear volume compared to 
performance in dry conditions[89]. It has been recorded that increase in concentration of 
MWCNTs results in increased hardness of the material, which can be concluded as a reason 
for improved crystallinity of the material[90]. The functionalized UHMWPE/MWCNTs 
treated with argon plasma treatment proclaim improved wettability, hardness, wear resistance 
and coefficient of friction which has numerous applications in joint implants. 
A study investigated by J.A. Puertolas and S.M. Kurtz explained segregated structure of 
CNT reinforced UHMWPE material regardless of the manufacturing process for developing a 
functionalized material. The segregated structure leads to formation of structural defects in 
microstructure of UHMWPE, influencing mechanical properties of the material. Lack of 
efficacy associated with aggregation of carbon nanotubes is due to the partial dispersion of 
carbon nanotubes along with random distribution of nanoparticles in the matrix. The reduced 
graphene oxide has been utilized as a possible measure to reduce the aggregation of carbon 
nanotubes prior to hot processing of composite material at elevated temperature of 200°C 
[91].   
The alternative approach to improve wear resistance of UHMWPE was explained by M 
Bianchi et al, focusing on coating of metallic counterpart by zirconium dioxide thin 
filmwhich eventually results in lowered wear of UHMWPE implants. The thin film of 
zirconium dioxide is deposited by pulsed plasma deposition; the substrates were priorly 
subjected to cleaning using acetone and isopropanol, and then dried in a nitrogen flux. 
According to experimental readings, it has been recorded that the contact angle of substrate 
decreases with increase in applied pressure, the serum conditions (62o ± 2o) shows slightly 
lower contact angles compares to that of saline condition (63o ± 3o) [92]. Wear rate of 
zirconium coated substrate is governed by the optimum pressure conditions, the substrate 
applied with a pressure of 6×10-3 mbar shows lowest wear rate (in dry conditions 6.3 ± 0.5 
mm3/Nm), whereas it shows marginal decrement in serum conditions (4.5 ± 0.4 
mm3/Nm)[93,94]. The biological test of substrate shows absence of cytotoxicity and overall 
the zirconia film coated substrate exhibited improved biocompatibility of material. The 
functionalized material having improved tribological properties and better biocompatibility 
has numerous applications in total joint implants majorly focused on knee and shoulder 
replacement. A similar study of zirconia coatings on titanium surface has been conducted by 
M. Berni et al, his recordings focuses on study of 2μm thick yttria stabilized zirconia (YSZ) 
coatings on the metallic surface using pulsed plasma deposition (PPD). The YSZ coating is 
deposited by ablating of 3 mol % zirconium dioxide by cold isotactic pressing at a pressure of 
30MPa for duration of 60 seconds, followed by sintering at 1500oC for duration of 1 hour. 
The deposition of YSZ coating is carried out using PPD technique at high energy (10 J×cm-
2), high density of electrons (108 W×cm-2) and fast pulse (100 ns). The YSZ coated substrate 
shows improved hardness (H) and elastic modulus (E) when tested by nanoindentation test, 
which statistically increases from H= 5.48 ± 0.411 GPa & E= 133 ± 10 GPa (untreated 
substrate) to H= 11.11 ± 1.1 GPa & E= 195.8 ± 27.8 GPa (YSZ coated substrate). The 
samples were exposed to vigorous testing for determining wear rate at a distance of 10km, 
whereas the data recorded after testing implies the lowered wear rate of coated sample from 
1.29 × 10-5 ± 3.55 × 10-7 mm3/(Nm) (untreated sample) to 1.06 × 10-5 ± 4.71 × 10-7 
mm3/(Nm) (YSZ coated sample)[95,96]’. The YSZ coated samples shows marginal 
decrement in coefficient of friction of material, it reduces from 0.22 ± 0.01 to 0.13 ± 0.02 
when subjected to testing at a distance of 10 km, whereas a general observation was recorded 
that coefficient of friction varies depending on testing conditions such as applied load and 
sliding speed[97]. Hence the investigation of M. Berni et al can be concluded the YSZ coated 
metallic substrate using PPD technique, as a counter part of UHMWPE material results in 
enhanced tribological properties having significant application in total joint arthroplasty.
A concept of self-reinforced UHMWPE for medical application was demonstrated by 
Yan-Fei Huang et al, according to their studies, they had developed self-reinforced 
UHMWPE material by addition of 9.8 wt% melt processable ultra low molecular weight 
polyethylene (ULMWPE) which acts as flow accelerator. The material is manufactured using 
2% UHMWPE blended with 98% ULMWPE in presence of xylene at temperature of 140oC, 
to obtain a molecular level uniform dispersion capable of forming highly entangles shish-
kebabs structure[98,99]. The polymer synthesized is then subjected to precipitation in cold 
alcohol in presence of continuous stirring, extracted solid is then filtered out and dried in 
presence of vacuum at 60oC for about 2 weeks. The complete removal of solvent from the 
material such that no weight loss should occur on heating of the dried material up to a 
temperature of 200oC using thermogravimetric analysis. 10% of this UHMWPE/ULMWPE 
material is melt mixed with 90% UHMWPE material using twin screw extruder within a 
temperature range of 190oC – 220oC along with a screw speed adjusted to 150rpm (Figure 
14). The extracted pellets are subjected to injection molding within a temperature of 220oC – 
230oC so that they are converted into rectangular blocks. 
Figure 14: Schematic representation of melt processed self-reinforced UHMWPE.
The melt processed UHMWPE shows remarkable improvement in tensile strength (UTS) and 
young modulus (E) compared to that of compression molded UHMWPE, it increases from 
UTS= 41.6 ± 1.4 MPa & E= 662.7± 24..1 MPa (CM-UHMWPE) up to UTS= 65.5 ± 3.1 MPa 
& E= 1248.7 ± 45.3 MPa[100]’[101]. The coefficient of friction of MP-UHMWPE (0.15 ± 
0.03) shows slightly lower values compared to that of CM- UHMWPE (0.18 ± 0.03), along 
with a lowered wear rate from 10.0 ± 0.4 mg/MC (CM-UHMWPE) to 7.1 ± 0.3 mg/MC (MP-
UHMWPE). The biocompatibility of material assessed using incubating fibroblast shows 
better adhesion of cells on MP-UHMWPE compared to that of CM-UHMWPE evaluated by 
MMT assay of cells[102,103]. Morphological structure explains that the shish-kebabs 
structures are formed in ULMWPE region and highly oriented lamellae are formed in 
UHMWPE region leading to highly crystalline regions capable of reducing structural defects 
in material as well as wear of implant material[2,104]. The functionalized properties of melt 
processed and self-reinforced UHMWPE/ULMWPE material comprises of improved tensile 
strength, tribological properties, biocompatibility along with reduced structural defects enable 
the wide application of material in knee joint implants majorly for younger and more active 
patients[105].
Annett Dorner Reisel et al studied and explained the utilization of diamond like carbon 
coatings on surface of CoCrMo alloys to reduce wear of alloy and UHMWPE counter face. 
According to studies of Jacobs et al, it has been recorded that the wear of the metallic alloys 
results in release of Co2+ ions which are harmful for tissues in human body, leading to a 
possibility of inflammation vitro[106]. The DLC coatings deposition is achieved by plasma 
decomposition of gaseous hydrocarbon[107], with anode and cathode voltage between 30-
300V[108], and varying thickness of the deposited thin film (0.8μm, 2.7μm, 4.5μm). The 
testing of the coated material reported that the increase in thickness of coating resulted in 
more wear of the UHMWPE material leading to surface cracks due to cyclic tension, whereas 
2.7μm and 0.8μm DLC coated surfaces showed comparatively better performance than 
uncoated metal alloys. A parallel study demonstrated that the wear of material is also 
dependent on quality of polymer substance used as a counterpart and processing it has 
applied thoroughly[109]. Hence investigation determines the optimum thickness of DLC film 
to sustain wear resistance of biomaterial used in joint replacement.
A study regarding the use of carbon nano fillers (CNF) along with paraffin oil is 
demonstrated by Samy Yousef et al, study explains about the use of 0.5 – 2wt% carbon nano 
fillers and 2% paraffin oil to enhance the wear resistance of material. The carbon nano fillers 
are obtained by ball milling mod of short carbon fibers (1%), mixed with paraffin oil (2%) by 
ball milling and twin screw extruder[110] at a compression molding temperature of 200oC, 
along with pressure adjusted to 20MPa for duration of 20 min[111]. According to 
experimental study, it has been recorded that the UHMWPE/PO/CNF composite 
manufactured by ball milling process has better crystallinity (51.2%) and highest melting 
temperature (135.52oC). The comparison of UPC1.0BM and UPC1.0EX is shown in table 9 
[112].
Table 9: Tribological properties and wettability of U/ UP/ UPC composites
U= pure UHMWPE,
UP=UHMWPE and paraffin oil composite,
UPC= UHMWPE, paraffin oil and nano filler carbon composite
It has been recorded that increment in concentration of CNF composite results in increased 
stiffness (hardness and tensile strength), also stress and strain at yielding point increases with 
increase in concentration from UPC 0.5 to UPC 1, where further increase in concentration 
leads to fracture of the biomedical implant. Hence the observations recorded can be 
concluded as UPC1.0BM shows the optimum properties of material, with improved 
tribological properties and ductility, whereas decrease in wettability is observed due to 
increase in surface roughness[113], enhanced properties considering wear resistance and 
biocompatibility[114] which enables application of material in total joint arthroplasty[112].












U 0.21 72 14.7 × 10-6 - -
UP 0.26 80 10.4 × 10-6 134.90 48.5
UPC1.0BM 0.53 85.36 2.4 × 10-6 135.52 51.2
UPC1.0EX 0.77 79.8 17.08 × 10-6 134.33 50.5
The evolvement of medical implants has started with the study of bone tissue 
engineering, which comprises of the materials available for making needful alterations in 
case of replacement or regeneration regarding bone and tissues capable of exhibiting 
numerous applications in designing prosthesis. The various attempts are analysed globally to 
find the compatible materials that can be used for regeneration of bone and tissue as it is a 
diverse field of study that is capable of finding a solution to globally faced problems due to 
various modes of accidents or natural calamities.
An approach to develop a material of artificial articular cartilages and materials for 
prosthesis has been studied by Alexandra H. C. Poulsson et al using a polymers of 
UHMWPE and polystyrene (PS), functionalization of UHMWPE resulted in improved cell 
adhesion and wear resistance by attachment of polar groups on polymer surface. Prior to 
functionalization of the material, it is treated with methanol by sonication technique for 
duration of 20 min. Further treatment of substrate with doubly distilled water for 20 min as 
well as treatment with few drops of acetone is carried out, in order to keep the substrate 
floating during cell culture. The functionalization of material is achieved using a UV/ozone 
reactor, the surface is treated with high intensity mercury lamp at 1120 μW/cm2 kept at 
distance of 3 cm in atmospheric conditions, whereas the lamp is warmed 1 hour prior to the 
experiment such that proper transition of UV radiations at a wavelength of 184.9 nm and 
253.7 nm is verified[115]. The surface treatment resulted in lowered contact angle of the 
material; it lowers the contact angle from 83o to 73o with a UV/ozone treatment for duration 
of 10 min, whereas it was experimentally observed that no significant decrease in contact 
angle appears due to increased contact time. Proliferation and cell adhesion properties of the 
material were determined by alamarBlue assay (Figure 15), the readings concluded that the 
surfaces with 19% oxygen shows better cell adhesion when monitored for a duration of 21 
days as well as remarkable increase in cell density was observed after 10 days of 
treatment[116].  
Figure 15: SEM images for cell growth on UHMWPE surface observed after treatment for 3 
days, 10 days, and 21 days. 
An innovative methodology for modifications in medical implant has been studied by 
Y. Shikinami and H. Kawarda et al, where they modified the material by coating of melted 
linear low density polyethylene material (LLDPE) on surface of UHMWPE at 200oC using 
extrusion technique and converted the material into a three dimensional fabricated structure. 
The sample having a very steep tangent slope shows a tensile strength of 7MPa when applied 
with 7% strain where profile resembles S shaped curve, the sample with a low slope of 
tangent shows J shaped stress strain profile and barely sustained 3MPa in X axis direction 
and 1MPa in Y axis direction with 40% strain[117]. A slight modification by spraying of HA 
material and corona discharged material lowers the contact angle of the substrate from 70o to 
33o, resulting in appropriate wettability of the substrate (Figure 16), when the testing was 
carried out after duration of 2 weeks HA coating was sustained as it was bonded with the 
LLDPE, demonstrating the good surface compatibility and bonding ability for biomaterials in 
medical implants. 
Figure 16: Surface of UHMWPE surface (a) virgin UHMWPE, (b) Hydroxyapatite sprayed 
surface, (c) sample surface post 2 week treatment with stimulated body fluid. [117]
The cell tissues were observed to be penetrating inside the material after adulteration of 4 
weeks, on HA and corona discharge treated material the failure load observed was 1.2 kgcm-2 
and 1.7 kg cm-2 for 4 and 8 weeks respectively. Also, the bio-ceramics and corona discharge 
treated materials shows good surface bioactivity and surface biocompatibility[118], enabling 
it’s application in osteosynthesis and prosthesis[117].
Alex Reising et al demonstrated a distinct way to functionalize a combination of 
UHMWPE and polytetrafluoroethylene (PTFE) material with nanostructured titanium using 
an ionic plasma deposition technique, the process was executed in vacuum conditions for 
formation of controllable nanostructured surface capable of cell adhesion. The coated 
samples are cleaned using deionized water within a sonicator with 70% ethanol for duration 
of 10 min, followed by drying at 65oC in presence of UV light for 1 hour. The samples were 
subjected to cytocompatibility test, the results obtained suggest that the material exhibits 
improved long term osteoblast function including deposition of calcium containing 
materials[119]. The analysis of SEM images of the material for a week shows increment in 
osteoblast function of material with increasing time period, resulting in increased osteoblast 
density[120] 
Ankur Gupta et al studied the compression molded UHMWPE/HA/Alumina 
oxide/carbon nanotubes hybrid composite for hard tissue replacement in human body, the 
study was on performance of hybrid material containing 2-5 wt% HA, 2-5 wt% Al2O3, 2-4 
wt% CNT fabricated via compression molding. In the composite material, HA acts as bio-
ceramic for osteointegration process, Aluminium oxide serves as bio inert and wears resistive 
material along with CNT enhancing mechanical, thermal and electrical properties. The hybrid 
material is manufactured using HA (̴ 30-50 nm), Al2O3 (̴ 99.9% purity), CNT (>95% purity) 
blended mechanically for duration of 6 hours, followed by compression molding of the 
powder at 180oC at 7.5 MPa for duration of 45 min. The mechanical properties of material 
were evaluated using nanoindentation technique, the noted results show that virgin 
UHMWPE shows hardness and elastic modulus of 70.5 ± 8.7 MPa and 1.45 ± 0.15 GPa 
respectively. The increase in only HA content (2% to 5%) results in declined hardness and 
elastic modulus of the material form 55.4 ± 10.9 MPa to 39.7 ± 7.7 MPa and 0.91 ± 0.17GPa 
to 0.61 ± 0.12 GPa respectively, contradictorily increase in alumina content results in 
increased hardness (from 69.9 ± 14.1 MPa to 79.0 ± 11.3 MPa) but slight decrease in elastic 
modulus (from 1.53 ± 0.31 GPa to 1.51 ± 0.22 GPa). Figure 17 demonstrates the effect of 
reinforcement on surface morphology of UHMWPE composite.
 
Figure 17: SEM images for surface of (a) untreated UHMWPE, (b) 98%UHMWPE/ 2%HA, 
(c) 95%UHMWPE/ 5%HA, (d) 98%UHMWPE/ 2% Al2O3, (e) 95%UHMWPE/ 5% Al2O3
The optimum results for the material is obtained using a combination of UHMWPE/ 2%HA/ 
5% Al2O3/ 2% CNT, the observations noted for the combination shows hardness of 54.7 ± 
10.1 MPa and elastic modulus of 0.97 ± 0.17 GPa along with an elasticity index of 0.275 for 
the material resulting in better mechanical properties of the  material [121].  
An alternate innovative approach to use hydroxyapatite nano-rods for bone tissue 
generation has been studied by A. Joseph Nathanael et al, their elaborative studies 
demonstrate the effect of 10% hydroxyapatite nanorods on mechanical properties of material. 
Experimental hydroxyapatite was manufactured using Ca(NO3)2 and (NH4)2HPO4 
maintaining a molar ratio of 1:0.6 in presence of thorough stirring assembly and temperature 
adjusted to 180oC for reaction, followed by cooling of precipitate and crushing of granules at 
600oC for duration of 2 hours. The hydroxyapatite (10%) obtained is then reinforced with 
UHMWPE, blending of composite is achieved using high speed rotating kneader at 180oC for 
20 min, followed by conversion into reinforced UHMWPE rods using horizontal injection 
moulding machine[122]. The material possess improved mechanical properties, statistical 
analysis of material is tabulated in table 11. The improved mechanical properties, abrasion 
resistance along with biocompatibility of HA enable the application of functionalized 
material in bone tissue generation[123].
Table 10: Mechanical properties of hydroxyapatite reinforced UHMWPE materials[122].
Substrate Young modulus (GPa) Yeild strength (MPa) Wear rate (%)
UHMWPE Untreated 0.85 38.64 0.02177
UHMWPE + 10% HA 3.79 43.02 0.03075
Chenbo Meng et al demonstrated an innovative method of using organo-silicon 
compound as coupling agent having application in medical implants due to improved 
hydrophilicity, biocompatibility, and proliferation on cell walls[124]. The vinyl 
triethoxysilane (VTEOS) treatment is related to grafting of organo-silicon compound on 
UHMWPE surface by air plasma treatment, in presence of situ to develop a plasma induced 
in-situ grafting. The silane containing vinyl group and three alkoxyl group are grafted on the 
macromolecular chain through vinyl group by peroxide initiation and then alkoxyl group 
hydrolyze to form hydroxyl groups for crosslinking. The functionalized material was 
manufactured using air plasma treatment of vinyl triethoxysilane (VTEOS) soaked and 
subsequently compression molded UHMWPE using RF flow discharge apparatus (Figure 
18), treated samples were cleansed employing a ethanol soaking treatment for 24 hours to 
remove the  unfixed VTEOS from the material. The treatment resulted in enhancing 
hydrophilicity of material by lowering contact angle significantly from 92.8o (Untreated 
UHMWPE) to 47.5o (VTEOS treated UHMWPE), surface area of material enhances from 
27.5 mN/m to 55.2 mN/m. The viability of cell adhesion and proliferation rate was assessed 
by MTT assay, the readings recorded signifies improved cell adhesion, biocompatibility and 
drastically improved proliferation rate compared to that of untreated UHMWPE as the 
functionalization effects increases with increase in culture time. The improved properties of 
the functionalized material increases marketability of material for advanced biocompatible 
medical implants[124].
Figure 18: Schematic diagram for VTEOS treatment using air plasma technique
Similar study to improve wettability and biocompatibility of material was studied by 
Gema Del Prado et al, demonstrating the reinforcement of UHMWPE with 3% multi walled 
carbon nanotubes (MWCNTs) as a reinforcing agent. The composite is manufactured using 
hot pressure forming, resulting in reduced bacterial adherence which happens to be a key 
factor for implant related infection. The study focuses on two types of MWCNTs – catalytic 
carbon vapour deposited MWCNTs (Purity > 90%) and arc discharge MWCNTs, the 
reinforcement was imparted in UHMWPE using hot platen press method at 155oC and 
pressure of 15MPa for duration of 30 min. Nanoindentation test was carried out to determine 
surface roughness and hardness of the material, both the materials exhibited comparable and 
similar properties with a peak at 600nm, whereas contact angle was recorded to increase from  
81.5o ± 5o (Untreated UHMWPE) till 93o ± 2o (3% MWCNTs treated sample)[3,125]. The 
UHMWPE/MWCNTs composites exhibit better anti adherence properties, where arc 
discharged MWCNTs exhibit’s slightly better properties compared to that of carbon vapour 
deposited (about 0.25 times better performance) which is capable of eliminating the 
possibility of implant infections. 
An extraordinary method for modification of UHMWPE in bone implants has been 
studied by A. Riveiro et al, investigating the performance of carbon coated 
materials[126,127] (thickness 50μm to 100μm) deposited using low velocity gas jet on 
UHMWPE followed by a laser treatment. The cleaning of substrate is carried out by 
undergoing ultrasonic treatment in presence of ethanol for separating the unstuck carbon 
particles from the surface of UHMWPE. The treated samples are tested for three wavelengths 
(1064 nm, 532 nm, and 355 nm) for average surface roughness and average contact angle of 
the treated material, results recorded after the testing is tabulated in table 10. According the 
results obtained, it can be inferred that the carbon coated substrate shows enhanced 
smoothness and hydrophilic properties (due to lowering in contact angle)[128] with lowering 
the wavelength of laser radiation. The functionalized material shows numerous applications 
in improving the surface properties for bone implants used during joint replacement 
operations[129].
Table 11: Average roughness and contact angle of laser treated, carbon coated UHMWPE
Sample Average roughness (μm) Average contact angle (o)
Untreated UHMWPE 2.3 ± 0.4 82 ± 5
355 nm treated 2.3 ± 0.7 75.2 ± 10
532 nm treated 1.7 ± 0.5 57.6 ± 6
1064 nm treated 1.9 ± 0.6 56.8 ± 7
A similar study investigated by Shardul Atul Bhusari et al demonstrated the use of 
carbonaceous compounds[130] as reinforcement for HDPE and UHMWPE composite 
exhibiting modified mechanical properties having vital application in bone tissue 
engineering. The functionalization process comprises of a polymer matrix (60% HDPE and 
40% UHMWPE) and reinforcing agent (modified graphene oxide) blended in various 
concentrations of reinforcement (0.5%, 1% and 3% mGO) melt extruded[131] at temperature 
of 220oC for duration of 10 min, whereas the extruded nanocomposites are subjected to 
injection molding at 220oC along with pressure conditions adjusted to 12 MPa for duration of 
10 min as well as mold temperature was adjusted to 100oC [132]. The modified samples were 
tested for rheological (stress control discovery hybrid rheometer) and mechanical properties 
(INSTRON 5967), where the resulted achieved are tabulated in table 12.
Table 12: Rheological and Mechanical properties analysis for GO reinforced with 
UHMWPE[132]
Sample Tm (oC) Crystallinity (%) Tensile strength Elastic modulus (MPa)
(MPa)
HU 131.0 44.8 29.5 ± 0.6 645.7 ± 41.6
0.5 GO 130.8 46.4 29.1 ± 2.5 620 ± 27.5
0.5 
mGO
131.5 44.1 56.7 ± 0.7 961.3 ± 44.7
1 GO 133.5 41.5 56.1 ± 3.7 787.7 ± 53.6
1 mGO 131.9 59.4 65.1 ± 3.4 908 ± 58.1
3 GO 131.2 40.6 55.2 ± 5.3 805.3 ± 70.3
3 mGO 132.2 39.8 56.3 ± 1.8 835.0 ± 104.7
The cytocompatability of composite has been studied using SEM images after 3 days of 
treatment to composite material; the result achieved from the SEM images clearly determines 
presence of similar amount of cell growth on material surface. Hence the improved 
mechanical, rheological and cell attachment along with proliferation satisfies the use of this 
material as a potential biomaterial for bone tissue engineering[132,133]. 
3.3.  Morphology of reinforced composite:
The morphological investigation of the reinforced composites is analysed in order to 
study the surface behaviour of material, it is significantly important to predict mechanical 
properties based on morphological structure of a particular composite. In case of 
hydroxyapatite containing filler in HDPE/UHMWPE composites, the HA particles were 
found to be highly intact with the polymer indicating good mechanical interlocking in 
morphological structure. The enhanced morphology of the composite due to immersion of 
HA particles results in good mechanical properties of the material, it exhibits a substantial 
reduction in bulk deformation by nearly 45% [134].  A study conducted by brown et al 
explains the dependence of morphology for reinforcing monocyclic carbon nanotubes on 
substrate shows good mechanical response of the biomaterial, along with the state of 
aggregation of nanotubes in some case. Long, straight, well-dispersed nanofilaments induced 
the production of more tumor necrosis factor-alpha and reactive oxidative species than highly 
curved and entangled aggregates. These investigators also described incomplete uptake or 
frustrated phagocytosis induced by CNT[135]. An investigation carried out my Ming Li et al 
shows the morphological behaviour of graphene oxide/hydroxyapatite coatings for biological 
applications. The results obtained through ESEM demonstrates the reinforcing of graphene 
oxide in the composite material enhances the mechanical stability of material, the small and 
less cracks in modified substrate is evident for the concluded results. The possible reasons for 
formation of cracks on the substrate is due to drying stress within the coatings, thermal 
expansion between the coating and substrate during processing[136]. The treatment of 
samples after removal from suspension by sintering process or evaporation of ethanol might 
be a possible reason for formation of cracks on the substrate. Graphene oxide is observed to 
exhibit nanostructured folding and scrolling morphology at the edges of reinforced 
substrate[137].  
4. Conclusion and future scope
The increase in various medical causalities along with continuously increasing of global 
aged population has lead researchers to develop a tensile and biocompatible biomaterial 
having potential application as medical implant. The thorough studies done by researchers 
have found some materials like UHMWPE that serves as a principal material for 
manufacturing of biomaterials. This material has observed with some limitations as limited 
age of medical implant, wear resistance whereas an alternative solution to control the ageing 
of implant has been developed, focused on reinforcement of UHMWPE using various fibres 
or chemicals capable of functionalizing material resulting in enhanced properties of 
UHMWPE. The functionalized properties comprise of mechanical properties, wear 
resistance, biocompatibility, cytocompatibility, wettability, surface properties of biomaterial. 
The detailed study of various reinforcement materials along with surface treatments can be 
concluded as utilization of reinforcing material to achieve a desired property depending upon 
end application of the material.  As discussed in review, hydroxyapatite is widely utilized to 
ameliorate mechanical properties of UHMWPE and controlled hardness of material, Carbon 
nanotubes has potential application to increase mechanical properties drastically in addition 
to maintaining hydrophobicity and antibacterial properties of material which has wide 
application in case of anti-infecting medical implant, reinforcement using modified graphene 
oxide having excellent mechanical properties along with cell growth and surface adhesion of 
functionalized material having diverse application in bone tissue engineering, Vitamin E acts 
as anti-oxidant to eliminate oxidation of material which is determined as influential cause for 
wear of medical implant successively leading to osteolysis, DLC coatings are essential 
reinforcement in enhancing wear resistance of UHMWPE. The morphology of the reinforced 
substrate plays an important role in determining the mechanical stability as well as thermal 
expansions of material, it provides a clear insight about the wear characteristics which 
eventually is most significant factor to determine the longevity of the biomedical implant.  
The research has also been focused on improving the surface properties of material such as 
smoothness, coefficient of friction, biocompatibility and haemocompatibility to improve the 
aesthetic look in addition to potential application as user friendly and cost-effective medical 
implant. The future of the medical implant industry is focusing on providing the user friendly 
and cost-effective solutions globally to cope up with the causalities and globally faced 
orthopaedic problems using functionalized UHMWPE.   
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